In this work, nanocomposites of low density polyethylene (LDPE) / multiwall carbon nanotubes (MWCNTs) were prepared using melt blending. The effects of CNT aspect ratio, CNT loading, CNT chemical modification and the presence of a compatibilizer (maleated polyethylene) on morphology, mechanical and thermal properties of the CNT/LDPE composites were studied. Different MWCNTs were used: long CNT (LCNT); COOH modified CNT (MCNT) and short CNT (SCNT). FE-SEM images of produced nanocomposites show agglomeration of the MWCNTs. Addition of compatibilizer to both LCNT and MCNT nanocomposites improved their dispersion in the LDPE matrix. Yield strength and modulus increased with loading of various MWCNTs. However, ultimate strength, percent elongation and toughness reduced significantly for CNT loadings of 2% CNT and higher. The addition of maleated PE resulted in improvements of Young's modulus, yield strength and ultimate strength but no impact on elongation at break or toughness. Addition of compatibilizer did not affect the crystallinity of the produced nanocomposites. In general, the use of CNT with high aspect ratio and the addition of compatibilizer and chemical modification improved the dispersion of MWCNTs and consequently improved most of the mechanical properties except elongation at break and toughness.
Introduction
Carbon nanotubes (CNTs), generated a huge research activity in the field of science and engineering since 1991 [1] . They are nano-structured materials with unique mechanical, electrical and thermal properties. CNTs can range in diameter from 1 to 100 nm up into millimetres [2] , with densities as low as 1.3 g/cm 3 . Their Young's moduli values have been reported 1-5 TPa [3] [4] [5] [6] [7] [8] [9] , which is superior to other forms of carbon fiber 0.1-0.8 TPa [10] . Aspect ratio (length / diameter) as high as 10000 [11] and compressive strength of ~150 GPa [12] have been reported. However, their mechanical strength is the most amazing aspect of their properties. The measured strength for a carbon nanotube has been reported to be between 5-63 GPa [7] [8] [13] [14] [15] . Even weakest type of carbon nanotubes have strengths higher than steel 0.25 GPa. For this very reason a lot of research is being devoted to producing CNT reinforced polymer composites.
The fundamental challenge that lies in achieving superior mechanical properties of polymer composites is in the dispersion of CNTs throughout the polymer matrix. Theoretical predictions suggest that the elastic modulus and tensile strength of the composite increase when either the volume fraction of the reinforcing fibers increases [16] [17] , or the aspect ratio of the fibers increases [17] . The aspect ratio factor is in fact related to the interfacial matrix-fiber stress transfer, where the magnitude of stress transfer is favored by increasing the high aspect ratio. Moreover, the tensile strength of the composites is strongly influenced by the magnitude of interfacial matrix-fiber stress [17] [18] . Accordingly, the most important factors that affect the bulk mechanical properties of the composites are: the loading of CNT [19] [20] [21] [22] , the alignment of CNT [23] [24] , and the CNT-matrix stress transfer [25] [26] [27] [28] [29] . It is suggested that the degree of dispersion is the most critical factor that controls the bulk mechanical properties. [8, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] Ruan et al [40] demonstrated that strength and modulus are not the only parameters that can be enhanced by incorporating CNTs in a polymer matrix. In their study, they reported experimental observations on the drastically enhanced toughness in the ultrahigh molecular weight polyethylene (UHMWPE) films due to the addition of 1% multiwalled carbon nanotubes (MWCNTs). The composites were prepared by solution blending followed by film drawing. Good dispersion was observed as examined by SEM.
A combination of tensile and Raman spectroscopic measurements showed that the presence of MWCNTs in the composites can lead to approximately 150% increase in strain energy in comparison with the pure UHMWPE film at similar draw ratios. This is accompanied with an increase of approximately 140% in ductility and up to 25% in tensile strength. The authors attribute the above observations to the chain mobility enhancement in UHMWPE induced by the MWCNTs. So, CNTs play the role of a plasticizer.
Bin et al. [41] prepared UHMWPE and MWCNT composites by solvent-blending method using either decalin or paraffin as solvent. SEM observations revealed that the MWCNTs within the composite prepared in decalin were covered by UHMWPE, and their diameters were much greater than those of the original MWCNTs, while the diameter of the MWCNTs within the composite prepared in paraffin was similar to the diameter of the original MWCNTs. Such different morphology was found to be due to different crystallization. The composites prepared in decalin had high drawability. Significant increase in elastic modulus was observed.
Zou et al. [42] prepared MWCNT/HDPE composites using the method of solution blending followed by melt-blending (with the addition of PEG or SiO 2 as dispersing agents). It was found that there was a critical MWCNT concentration around 1 wt% where a fine network of MWCNT/SiO 2 was formed (and hence mechanical properties improved at this wt%). On the other hand, it is found that MWCNT could stabilize HDPE when its weight content was greater than 2 wt%. In short, the reported method does not look attractive because the dispersing agents generally decrease the mechanical properties of HDPE, and SiO 2 was found to accelerate thermooxidation.
McNally et al. [43] prepared composites of PE and MWCNTs by melt blending using a mini-twin screw extruder. The wt% of MWCNT was varied from 0 to 10%. They found that the yield strength increased slightly with the addition of CNT. However, they observed that the ultimate tensile strength and elongation at break decreased with addition of MWCNTs. For example, the % elongation at break decreased from 1200% for the pure PE to 700% at CNT loading of 5 wt%, and further decreased to 300% at CNT loading of 10 wt%. This is mainly due to the poor dispersion of CNTs. This is evident from some CNT aggregates observed by morphology tests. This led to poor stress transfer between the polymer and the filler. The authors concluded that the deterioration of mechanical properties of the nanocomposites implies that the mechanism for mechanical reinforcement for PE/MWCNT composites is filler-matrix interfacial interactions and not filler percolation.
Tang et al. [22] prepared MWCNT/HDPE composite films using the melt processing method. The composite films with CNT content varied from 0 to 5 wt% were analyzed by SEM and TEM to observe nanotube dispersion. The mechanical properties of the films were measured by a small punch test. Results showed increase in the stiffness, peak load and work to failure for the composite films with increasing MWCNT content.
The incorporation of CNTs in a polymer generally improves the stiffness and strength of the polymer, but the ductility and toughness of the polymer are compromised in most cases [21] . Functionalization of CNT is a break-through solution to resolve this problem. Composites based on functionalized CNT are expected to have large interfacial shear strengths. Covalently grafted long-chain molecules entangle with the polymer matrix creating a very strong bond. In addition, the functional groups act to make the nanotubes more compatible with polymer hosts. This tends to dramatically improve the nanotube dispersion and hence further improve composite properties. [21, 31, 44] Yang et. al. [44] reported the mechanical reinforcement of PE using PE-g-MWCNTs.
The stiffness, strength, ductility and toughness of PE are all improved by the addition of PE-g-MWCNTs. The grafting of PE onto MWNTs improves the dispersion of nanotubes in the PE matrix, hence the MWCNT/PE interfacial adhesion. The grafting was achieved by a reactive blending process through melt blending of PE containing 0.85 wt% of maleic anhydride and amine-functionalized MWCNTs. The reaction between maleic anhydride and amine groups, as evidenced by XPS and Raman spectroscopy, leads to the grafting of PE onto the nanotubes. These PE-g-MWCNTS are then incorporated into PE matrix via the common melt-blending technique. In another related study by the same research group, Yang et. al [21] applied a simlar procedure for preparing PP/PP-g-MWCNTs composites. PP was grafted onto MWCNTs by melt blending PP containing 0.6 wt% of maleic anhydride and aminefunctionalized MWCNTs. The mechanical properties of PP/PP-g-MWCNTs composites were evaluated. When PP was reinforced with pristine MWCNTs, its Young's modulus and tensile strength were increased, but its ultimate strain and toughness were reduced. On the other hand, the Young's modulus, tensile strength, ultimate strain and toughness of PP were improved by 108, 141, 49 and 287%, respectively, by the addition of PP-g-MWCNTs with a MWCNTs content of 1.5 wt%. The procedure reported here is attractive from industrial point of view because of its simplicity for the following reasons: 1) PE-g-MA is available commericially at a reasonable price; 2) it is easy to functionalize CNT with amine groups; 3) melt blending is a perfect choice in polymer processing industry.
Shofner et al [45] evaluated the effect of sidewall functional group on dispersing the fluorinated single-walled carbon nanotubes (F-SWCNTs) in PE and on the mechanical properties of the F-SWCNT composites fabricated. The composites were prepared by solvent-blending followed by shear mixing. The study demonstrated that in comparison with PE composites filled with un-functionalized nanotubes, improved dispersion and interfacial and mechanical properties are achieved for F-SWCNTloaded matrices due to chemical functionalization. Also, the observed partial removal of functional groups from the F-SWCNTs during melt processing with polyethylene by shear mixing suggests a possibility of in situ direct covalent bonding between the nanotubes and the matrix which ultimately results in mechanical reinforcement of the composite.
Zhao et al. [24] used MWCNT grafted with alkyl chain for reinforcement of PP. For achieving excellent tensile properties, the as-prepared PP/MWCNTs composites were subjected to a dynamic packing injection molding, to induce a highly oriented structure with both PP chains and MWCNTs aligned along the shear flow direction. Not only Young's modulus and tensile strength were enhanced, as expected for oriented materials, but also more importantly composites containing only 0.1-0.3 wt% MWCNTs were much ductile compared with the polymer matrix. The addition of PPg-MMA made a drop in the elongation at break to only 15%; however, it could be improved to 80-100% after incorporation of small amount of MWCNTs. The authors attribute this enhancement in toughness to: (1) the increased mobility of both the PP chains due to the addition of MWCNTs, as they are oriented along tensile deformation direction (plasticization) and (2) the bridging effect of the oriented MWCNTs on the crack development during tensile failure.
Wang et al. [29] utilized a combination of solution blending and gel spinning methods to prepare UHMWPE-CNTs composite fibers. Functionalization of CNTs was also carried out by oxidation followed by mixing of CNT with titanate coupling agent in ethanol, to introduce COOH group. TEM, SEM, XRD, IR were used to characterize the CNTs, their dispersion in the matrix and the functional group changes on the surface of the CNTs. The results showed that there was no obvious agglomeration of CNTs in the obtained composite fibers up to 2 wt% CNT loading and consequently a good interaction between CNTs and UHMWPE matrix was established. Furthermore, it was reported that the addition of CNTs resulted in a peculiar structure, a more regular alignment of the UHMWPE morphology. The mechanical properties of UHMWPE-CNTs were improved compared with that of pure UHMWPE fiber. However, above 2 wt% CNT the mechanical properties decreased, likely because of poor dispersion.
It can be observed from the above literature review that the effects of CNT loading and different CNT surface modifications were examined. However, the influence of aspect ratio on the mechanical and thermal properties is yet to be studied experimentally, while its impact on elastic modulus and tensile strength was stated in theoretical models [28, [46] [47] . Our principal focus in this paper is to study the effect of varying the aspect ratio, surface modification, compatibilizer and MWCNT loading on the mechanical and thermal properties, primarily using the melt blending process for producing the LDPE-MWCNT composites. The choice of a film grade LDPE for this research is to assess the possibility of producing a thinner and stronger film by adding CNTs.
Results & Discussion

Morphology of the LDPE/MWNCT composites
The surface morphology of SCNT-LDPE composite at 0.5% and 5.0% loading without compatibilizer (control sample) is shown in the backscattered FE-SEM images of Fig. 1a and 1b. Images show agglomeration of MWCNT within the matrix of LDPE. Evidence of dispersion was not found in this group of composites. Agglomeration was also observed for LCNT-LDPE composite with 0.5% and 5.0% loading, as seen in the FE-SEM image of Fig. 1c . A higher magnification image clearly shows that the agglomerated region is composed of a large number of MCNTs present within the composite matrix (Fig. 1d ). This agglomeration was not localized at a particular region but was seen to be distributed across the matrix of the composite, as shown in the FE-SEM images of Fig. 1e and 1f. Evidence of dispersion was not found in this group of composites produced without the addition of a compatibilizer. Also, FE-SEM images show that the addition of compatibilizer to both LCNT and MCNT nanocomposites improved their dispersion, as seen in the micrographs of Figs. 2a-d. The degree of dispersion of MCNT in LDPE matrix was seen to be higher in MCNT compared to LCNT composites. Greater improvement in dispersion within MCNT could be attributed to the synergistic effect of compatibilizer with COOH modification present within this group of composites. A similar effect was also observed by Jin et al [31] while using maleic anhydride grafted polypropylene. It is clear that the addition of a compatibilizer and COOH modification of CNT has improved the dispersion of MCNT. In the following sections we will assess the impact of this improvement in dispersion on the mechanical and thermal properties of PE composites with low and high aspect ratio. Fig. 3 shows the stress-strain response for pure LDPE and LDPE nanocomposites with MCNT at various loadings. It can be observed that pure LDPE shows significant strain hardening at high elongation, which is expected. When MCNT is added at 0.5 weight %, still almost the same strain hardening effect is observed as the pure LDPE. However, as the loading is increased to 2.0 % we barely see any strain hardening and it disappears at 5.0 % loading of MCNT. A similar trend was obtained for LCNT and SCNT based composites. These findings (high strain hardening behavior at 0.5 % MCNT) are in agreement with the previous reports that showed similar behavior for UHMWPE at 1 % CNT loading. Also, our results that composites with 2 % MCNT and higher concentrations show a low or no strain hardening behavior that is similar to that of hard fillers is in agreement with previous literature reports [49, 50, 53] . Similar trends were obtained for SCNT and LCNT. A tentative explanation for the observed high strain hardening behavior at 0.5 % MCNT is as follows. In general, the observation of high strain hardening behavior of filled polymers at low filler loading is attributed in the literature to either due to the plasticization effect caused by the filler, or due to the selective physical adsorption of polymer chain fractions of high molar mass onto the filler surface. However, for our current data, we believe that the second reason (physical adsorption of polymer chains) is more likely the reason than the plasticization effect reason. This is because if CNT is a plasticizer at low loading, we should observe a reduction in the stiffness (elastic modulus) of the composite at 0.5 wt.%. But we observed the opposite where elastic modulus was 112 MPa for pure LDPE and then increased to 116 MPa and 124 MPa for 0.5 wt% LCNT/LDPE and 0.5 wt% MCNT/LDPE composites, respectively (data shown in Table 1 ). In a parallel study for the same CNT/PE system, we observed a drop in the melt viscosity of the composite at low CNT loading of 0.5% and below, and observed an increase in the melt viscosity at high loading of 2% and above (unpublished data), which could also support the physical adsorption effect. The mechanical properties of LDPE and its various nanocomposites with and without the 2.0 wt% compatibilizer are tabulated in Tables 1 & 2 . The Yield strength is the stress at which a material begins to deform plastically and deform permanently. Before this point the material deforms elastically and regains its original shape when the applied stress is removed. First, almost all loadings produce yield strength higher than that of pure LDPE. Secondly, as the loading is increased the yield strength is also increased. Both LCNT and MCNT, having the same high aspect ratio, show higher values of yield strength at all loadings. MCNT produces a high yield strength of 11.9 MPa at 5.0% loading compared to 9.2 MPa for pure LDPE. So, both the high aspect ratio and chemical modification increase the yield strength. Also, MCNT at 5.0 weight % loading produces an increase of 30% in the yield strength. Despite the variation in the degree of dispersion present within different types of nanocomposites studied here, an increase in yield strength was observed for all samples with increased loading. Addition of 2.0% MAPE resulted in an increase in yield strength for both LCNT and MCNT composites. This increase depends on the loading of MWCNT. LCNT-MAPE composite with 5.0% loading produced high yield strength of 13.4 MPa, which is an increase of approximately 46% compared to pure LDPE. MCNT-MAPE composite produced maximum yield strength of 13.3 MPa. So, there is no significant difference in the yield strength obtained from composites of MCNT and LCNT with MAPE. Therefore, it can be concluded that high aspect ratio is responsible for the high yield strength at all loadings. In addition, in the presence of MAPE the effect of chemical modification is not significant. The improved distribution of MWCNT in the PE matrix is likely responsible for these improvements in the yield strength as well as the other mechanical properties. The effect of COOH modification of MCNT, although it is of low concentration, is weak at 0.5% loadings, but some improvement was detected at 2 and 5 % loadings. However, the impact of MAPE is noticeable at all loadings. Results of MCNT vs MCNT-MAPE nanocomposites support this observation. Furthermore, addition of MAPE improved the dispersion of CNT; hence improved the yield strength at all loadings for both LCNT and MCNT composites. Improvement in dispersion was supported by the results of FE-SEM discussed earlier.
Mechanical Testing
The Ultimate strength may be defined as the maximum stress a material can withstand when subjected to tension, compression or shearing. It can be evaluated by maximum stress on stress-strain plot. Pure LDPE has the highest ultimate strength (13.9 MPa) as compared to all composites at various loadings. For 0.5 and 2.0 weight % loadings, the ultimate strength tends to drop. The reason for this reduction is the complete loss of strain hardening behavior from 0.5% to 2.0% loading. But, as the loading is further increased to 5.0 weight %, the maximum stress of the material is increased. Hence ultimate strength is increased for the three types of nanocomposites; however aspect ratio and MAPE tend to increase the ultimate strength. In general, addition of 2.0% MAPE to LCNT and MCNT nanocomposites show ultimate strength that is higher than pure LDPE. On the other hand, the ultimate strength for the same samples without MAPE is lower than that of pure LDPE. This behavior is suggested to be due to agglomeration of CNTs and weak interfacial bonding with LDPE. The trend of decreasing ultimate strength with increased loading still holds for composites with MAPE. The highest ultimate strength was 16.1 MPa and achieved for LCNT with MAPE at 2.0% loading. This represents an increase of 16% in ultimate strength over that of pure LDPE. Hence, the high aspect ratio resulted in high ultimate strength at all loadings covered in this study. Decrease in ultimate strength with increased loading holds for all aspect ratios, with and without MAPE. The use of 2% MAPE has increased the ultimate strength for LCNT and MCNT at all loadings. Again, the addition of MAPE improved the dispersion in the nanocomposite material; hence increased the ultimate strength for both LCNT and MCNT composites at all loadings.
Tab
Young's Modulus is a measure for the stiffness of a material. Generally, as the LCNT loading is increased, the Young's modulus is also increased. The highest modulus is observed for 5.0 weight % of MCNT. Pure LDPE has a modulus of 112 MPa while 5.0 weight % of MCNT produced a modulus of 144 MPa. This represents an increase of 28 % in modulus. Young's modulus increased with CNT loading and it increased even further with the addition of MAPE. The highest value was achieved for 5.0% loading of MCNT with 2.0% MAPE. This represents an increase of 48% when compared to pure LDPE. So, composites with high aspect ratio CNTs have high Young's moduli at all loadings. This finding is in agreement with theoretical predictions of Young's modulus by the modified form of rule of mixtures discussed in previous literature [46] [47] . Addition of 2.0% of MAPE increases the Young's modulus to higher values.
Elongation to break is the maximum strain or deformation of material before rupture. Regarding the percent elongation of the current study, the addition of unmodified MWNCT tends to reduce the percent elongation of pure LDPE. Elongation drops with the addition of 0.5% CNT from 735% for pure LDPE, to 551, 445 and 357 % for composites of MCNT, LCNT and SCNT, respectively. At 5% loading, the elongation at break drops down to less than 100% for the three types of composites. A comparison of the results of SCNT and LCNT at 0.5% loading suggests that high aspect ratio resulted in a higher elongation at break. On the other hand, the chemical modification of MCNT is responsible for improving the interfacial bonding between the CNT and the polymer leading to a higher elongation at break over LCNT of the same aspect ratio. Addition of 2.0% MAPE to the nanocomposites tends to improve other properties, but in the case of elongation, its presence did not have the same effect. LCNT and MCNT nanocomposites with and without 2.0% MAPE and at 5.0% loading tend to show elongation values between 88 and 118%. The lower aspect ratio is showing the lowest elongation at all loadings. For all different types of LCNT and MCNT, with and without the addition of 2.0% MAPE, the elongation at break decrease significantly with increased loading of the CNT. No significant influence for aspect ratio or chemical modification can be detected at high loadings.
Toughness can be defined as the resistance to fracture of a material when stressed. The toughness of the material is related to its percent elongation, so we observe that as the amount of loading for various MWCNT is increased the toughness of the produced composite is decreased. Addition of 2.0% MAPE did not increase the toughness of the material. All nanocomposites showed similar values of toughness at 5.0% loading, with and without MAPE. Figure 4a and 4b shows the melting and crystallization curves for pure LDPE and its composites at various loadings. Different thermal properties of the said composites are shown in Table 3 . On-set temperature (T onset ) is the temperature in cooling curve from where the polymer starts developing its crystalline structure. Crystallization peak (T peak ) is the maximum temperature observed in the exothermic cooling curve in cooling cycle [54] . Our results for pure LDPE and its nanocomposites showed crystallization exotherms that were fairly similar. They showed a distinct hightemperature peak followed by a broad long tail. However, it can distinctly be observed from data in Table 3 that as the amount of MWCNT in the composite is increased, early onset of crystallization takes place. For example, for pure LDPE T onset starts at 98.2 °C and subsequently increases for MCNT at 0.5% to 101.5 °C, at 2.0% and 5.0% it increases to 101.6 °C and 103.6 °C, respectively. Also, at all loadings of MCNT and in the presence of 2.0% MAPE, the onset has increased even further from 101.8 °C at 0.5% MCNT loading to 104 °C at 5.0% loading. However, the effect of both the aspect ratio and COOH modification is much less as given by the data shown in Table 3 . For each exotherm, the peak and onset crystallization were calculated. Similarly, the influence of aspect ratio or COOH modification on T peak is weak. Also, a comparison of LCNT and MCNT (both have the same aspect ratio) and the LCNT and SCNT suggests that aspect ratio has influenced T onset but not T peak with weak influence of surface modification on T peak as well as T onset . This observation can be explained, tentatively, as follows: CNT with high aspect ratio (LCNT & MCNT) promotes nucleation due to its large surface area per tube. However, for T peak the surface area of CNT is no longer a factor in enhancing crystallization since crystallization is already at its peak. Therefore, the increase in MWCNT concentration shifts T onset to higher values and promotes nucleation with almost no effect on T peak . The influence of chemical modification on the onset temperature is similar to that of the aspect ratio. In both cases, higher aspect ratio and surface modification tend to improve the nucleation by increasing the surface area.
DSC Analysis
Further, we tried to assess the impact of aspect ratio and surface modification on the total crystallinity since it is an important property and it impacts mechanical properties. Table 3 shows the percent crystallinity, X c , that was calculated using the TA Q1000 software. The initial point for the integration was chosen as 2 o C above the onset temperature for each exotherm and the final point was room temperature. It is observed that both LCNT and MCNT composites show higher values of X c in comparison with the SCNT at all loadings. It is clear that at higher concentrations, -COOH modification is not significantly influencing total crystallinity but aspect ratio is a factor with high aspect ratio yielding higher total crystallinity. showed lower values of Young's modulus as compared to LCNT and MCNT at all loadings, a trend that was seen in percent crystallinity as well. Furthermore, the melting temperature is reduced with the incorporation of the MWCNTs. As the amount of MWCNT increases, the melting temperature decreases. A more detailed study of non isothermal crystallization kinetics for these nanocomposites that explains this behavior at various rates was published elsewhere [51] .
Conclusions
LDPE / MWCNTs nanocomposites were prepared using melt blending. Samples were prepared using different MWCNT (LCNT, MCNT & SCNT). The surface morphology of SCNT-LDPE composites without the addition of a compatibilizer shows agglomeration of MWCNT within the LDPE matrix. Evidence of dispersion was not found in this group of nanocomposites. Agglomeration was also observed for LCNT-LDPE. Higher magnification shows that agglomeration was not localized at a particular region but was observed to spread across the matrix. The addition of a compatibilizer to both LCNT and MCNT nanocomposites improved the dispersion of CNTs. The degree of dispersion of MCNT in LDPE matrix was seen to be higher in MCNT when compared to LCNT nanocomposites. Greater improvement in dispersion within MCNT could be attributed to the synergistic effect of compatibilizer with COOH modification present within this group of composites. It is evident that both surfrace modification and the compatibilizer have a positive influence on the dispersion.
Yield strength and modulus increased with increased loading of various MWCNTs. However, ultimate strength, percent elongation and toughness were reduced for 2% loading and higher. Addition of compatibilizer improved most of the mechanical properties as compared to pure LDPE and nanocomposites without compatibilizer at all loadings studied. With the increase in properties being 46% and 48% for yield strength, Young's modulus at 5.0% loading respectively. Also, 16% increase for ultimate strength at 2.0 % loading was observed for LCNT nanocomposite in the presence of MAPE. However, percent elongation and toughness did not show any improvement, with or without the compatibilizer.
Addition of MWCNT induced early onset of crystallization. However, aspect ratio and COOH modification did not show any effect. LCNT and MCNT composites show higher values of percent crystallinity in comparison with the SCNT at all loadings. The results of crystallinity correlate to the values of Young's modulus at various loadings of the produced nanocomposites. Addition of compatibilizer did not affect the percent crystallinity of the nanocomposites.
Finally, high aspect ratio has increased yield strength, ultimate strength, and Young's modulus, at all loadings. However it did not influence any improvement in percent elongation and toughness. The presence of MAPE improved all mechanical properties, apart from percent elongation and toughness.
Experimental
Materials and Sample Preparation
MWCNTs with different aspect ratios and surface modification were supplied by Cheap Tubes Inc, USA. The three different types are selected to study one parameter at a time. The long, short and COOH modified CNTs have an ID of 5-15 nm and an OD of 30-50 nm. However, the length of the long CNT is 10-20 µm while that of the short CNTs is 0.5-2.0 µm. All the OD, ID and lengths of the CNTTs are measured and certified by the manufacturer, as provided in the manufacture data sheet, which also include Scanning Electron Microscopic images of the pristine MWCNT. The aspect ratio, defined as the ratio of length / OD, for the long and short CNTs is 375 and 31, respectively. Therefore a comparison of the long and short MWCNT will reveal the impact of aspect ratio. On the other hand, a comparison of MWCNT and COOH-MWCNT will highlight the influence of chemical modification since both CNTs have the same ID, OD and length.
In all of the MWCNT used, 95% percent of the total weight is MWCNT and approximately 1.5% of the weight was ash, and the rest was by products from MWCNT production. MWCNTs used were not washed or purified. As stated by the producing company, COOH-MWCNT contains 0.7% -COOH groups. COOHfunctionalized tubes were used here because it a common intermediate functional group in literature where the attachment of carboxylic acid to the different carbon fillers (such as carbon nanotubes) not only enhanced the interface linking property of filler but also provides the reactive sites to attach a variety of other functional groups.
In addition, our recent work [55] with CNT/Polypropylene nanocomposites had shown that the presence of COOH group enhanced the dispersion of CNT and resulted in improved mechanical properties of the composites whereas NH2-functionalized CNT had resulted in poor dispersion, and for the current study we are expecting that polyethylene could behave similarly to polypropylene matrix.
The LDPE with a melt index of 0.75 g/10 min has a weight average molecular weight of 99.5 kg/mol and a MWD of 6.5 and a total short branch content of 22 branches/1000 C as determined by GPC and NMR, respectively, as reported earlier [48] . Maleic anhydride modified polyethylene (MAPE) used in the study was acquired from Aldrich. MAPE contained ~3wt% maleic anhydride, its viscosity is 1700-4500 cP and melt temperature is 105 °C. The LDPE resin and MWCNT-LDPE composites were conditioned (or blended) in a Haake PolyDrive melt blender, which has a capacity of 40 g. The blending temperature was 190 °C. The rotation per minutes (rpm) of the internal rotor of the blender was 50 rpm and time of blending was 10 min. The blending time was selected to be 10 min to avoid degradation of the chemical group attached to the surface of MWCNT and also to avoid degradation of the polymers used, where previous works by us and others reported in literature indicated that 10 min is a suitable blending time for similar systems. From here onwards the long, short, and COOH modified MWCNT will be named LCNT, SCNT, and MCNT, respectively. For Mechanical testing, samples were prepared in Carver press. A temperature of 190 °C and a pressure ranging from 0 to 7 ton were used. Total pressing time was seven minutes. After that, the plates are allowed to cool for 5 minutes. The dog-bone shaped samples were prepared as per ASTM method D-638. As control samples, pure LDPE samples were processes under exactly the same conditions as done for CNT/LDPE composites.
Scanning Electron Microscopy
Samples were dipped in liquid nitrogen for approximately 5 minutes to render them brittle and then shattered to reveal the cryo-fractured surfaces. A thin layer of gold was evaporated on the exposed fracture surfaces to make them electrically conducting to avoid charge build-up during examination within SEM. Field emission scanning electron microscope (FE-SEM) Model FEI Nova Nano SEM 230 having a probe resolution of 1.0 nm (at 15 keV) and accelerating voltage range of 50 V to 30 keV was used to observe the surface morphology of samples. Backscattered electron images were obtained using a low voltage high contrast detector (VCD). The samples were placed at a working distance of approximately 6 mm and scanned with an electron beam of spot size 3 operated at an accelerating voltage of 5 keV during SEM analysis.
Mechanical Testing
The samples were tested using an Instron 5560 Mechanical Testing Machine according to ASTM test standard D-638. All tests were conducted at constant strain rate of 50 mm/min. The measured stress / strain data was used to find all the mechanical properties. The data presented here is the averages of 5 samples. The maximum standard deviation for yield strength, ultimate strength, Young's modulus, percent elongation and toughness were 0.6, 1.7, 33.8, 1.35 and 17.6 respectively.
Differential Scanning Calorimetry
All DSC measurements were performed using a TA Q1000 instrument equipped with a liquid nitrogen cooling system and auto sampler. Nitrogen at a flow rate 50 ml/min was used to purge the instrument to prevent degradation of the samples upon thermal treatments. The DSC was calibrated in terms of melting temperature and heat of fusion using a high purity indium standard (156.6 ºC and 28.45 J/g). The DSC measurement was used to determine the crystallinity (X c ) of the composites. The X c was evaluated from heat evolved during crystallization (ΔH c ) using the relationship:
where ΔH m is the heat of fusion for 100% perfect polyethylene crystal and wt% is the weight fraction of MWCNTs in the composites. The heat of fusion of a perfect polyethylene crystal of 290 J/g was used [52] .
Composite samples (5-10 mg) were sliced and compressed into a non-hermetic aluminum pans. To minimize the thermal lag between the sample and the pan, samples with flat surface were used. An empty aluminum pan was used as reference. First, the baseline was calibrated using empty crimped aluminum pans. All testing was performed in the standard DSC mode. Initially the samples were heated from room temperature to 200 ºC at a rate of 10 °C/min; followed by a hold up at 200 ºC for 2 min. All samples were cooled to sub ambient temperatures for complete evaluation of crystallinity. The samples were cooled from 200 º to -10 ºC at a rate of 10 ºC/min. After that the sample was heated from -10 °C to 200 °C at 10 °C/min.
